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Abstract
The energy and protein requirements for gilthead sea bream were studied until commercial weight. Gilthead sea bream with different body weights (from 24 to 422 g) were fed from starvation to apparent satiation, studying protein and energy in the interval of 21-25ºC. Energy recovery (ER) was expressed in relation to the digestible energy intake (DEI), ER= 173.1*(1-e(-0.00407*(DEI-59.84))), and protein deposition (PD) was expressed with regard to digestible protein intake (DPI),  PD= 2.97*(1-e(-0.152*(DPI-1.393))).




	The four main factors with a great influence on growth, in most fish species, including gilthead sea bream (Sparus aurata L.), are temperature, feed composition, feed intake, and body weight of the fish (Brett, 1979). For most sea farmers working with offshore systems, the diet usually remains the only factor of choice, as temperature comes with the environment and weight with commercial demands. In this sense, diets should be designed considering the requirements of the fish as well as profitability. Thus, it is necessary to develop several models: for growth, whole body composition, energy recovery and protein deposition response curves and economic profitability index models.

	There are several suitable growth models that allow predicting maximum growth with regard to temperature (Lupatsch et al., 1998, 2003a; Mayer et al., 2008, 2009). A regular practice of sea farmers consists in feeding fish until reaching its growth potential during the first growth phase. Feed efficiency usually is the target of fish farmers after the first year of growth to reach an optimized profitability.  The point of maximum feed profitability may not correspond to the amount of feed for maximum growth (Fiogbé & Kestemont, 2003; Martínez-Llorens et al., 2009), depending on the cost of production and the price of raw ingredients for diets. Nevertheless, some other models make it possible to estimate growth for a sub-optimal ration size (Hernández et al., 2003; Jauralde et al., 2013).

	Likewise, body composition is crucial in animal nutrition models (NRC, 1998; de Lange et al., 2003) and has been widely studied is several fish species (Shearer, 1994; Jobling, 2001; Dumas et al., 2007a; Dumas et al., 2010), and particulary for Sparus aurata by Lupatsch et al. (1998; 2003a), who have also described the nutrient retention and the protein and energy needs in gilthead sea bream below a weight of 100 g. Fournier et al. (2002) also studied the protein requirements for maintenance in Sparus aurata of 7.4 g and other 3 species. Nevertheless, there is a lack of data with regard to nutritional requirements when considering that: i) the commercial weight of this species is usually around 400 g; ii) around 80% of the total feed in the cycle is consumed between 100 and 400 g; iii) the cost of feed is around the 40% of the total production cost of gilthead sea bream in the Mediterranean sea; iv) the fact that most of the food is deployed in summer with temperatures between 20 and 25 ºC.

	In gilthead sea bream, however, evidence of two growth stanzas has been reported (Mayer et al., 2012), as this species changes its growth strategy when reaching a weight of around 117 g. Likewise, Dumas et al. (2007b) reported three stanzas in trout growth justified by morphological changes, variations in dynamics of muscular growth, utilization and investment of nutrients in reproduction. 

	Protein and energy intake have a great influence on the growth speed (Jauralde et al., 2013) which are determined by the dietary nutrient level and by feed intake. Diet composition as well as feed intake should be designed to cover the needs of maintenance and growth of the fish (Lupatsch et al., 1998; Kaushik, 1998; Azevedo et al., 2005; Booth et al., 2007; Glencross, 2008; Dumas et al., 2010). However, the amount of digestible energy and protein recommended for the same fish body weight and temperature vary in relation to the commercial feed considered, sometimes even if two feeds of the same company are compared. This is because the needs of Sparus aurata for growth, expressed in daily g protein or MJ energy over weight are still unknown for varying ranges of weight and temperature, although some studies (Lupatsch et al., 1998, 2003a) have approached the needs of Sparus aurata weighing less than 100 g and at moderate temperature. In other species, some models consider the body size and water temperature, but not the diet or feeding rate (Björnsson et al., 2007). 

	On the other hand, the amount of digestible energy or protein that fish need retain for a determined level of growth depends not only on the initial body weight and temperature, but also on the efficiency of retention of the digestible energy intake or digestible protein intake.  Most studies consider the net efficiency of retention of the digestible energy as constant independent of intake (Lupatsch et al., 1998, 2001a, 2003a), but with regard to protein, these studies have reported a nonlinear effect, considering an optimum single efficiency, usually for maximum growth. It would then seem possible that fast growth is less efficient than slow growth, as shown by Jauralde et al. (2013), and consequently, protein recovery efficiency should depend on the growth rate, measured as protein recovery per day, for example. 





Experimental facilities and design
Six trials were conducted with gilthead sea bream (Sparus aurata), with varying initial weight (from 23 to 299g).  Fish, coming from several hatcheries and commercial farms, were placed in concrete tanks of 4000 litres, in which 3 pens of 1000 litres were installed to increase the replicates in trials 1 to 5, and in 500 l tanks for trial 6 (Table 1). Fish where fed a commercial diet following the recommended feeding rates for a period of 15 -30 days before the beginning of the trials

	A commercial diet (430g kg-1 crude protein; 210g kg-1 crude fat; 120g kg-1 ash; 80g kg-1  moisture; and 21 MJ kg-1 gross energy from Dibaq S.A., Segovia, Spain)  was used at different daily rations, from starvation to satiation in each trial (Jauralde et al., 2013). The ingredients of the diet in order of inclusion were: fish meal; fish oil; wheat and derivates, soy meal, “premix” mineral and vitamins, an antioxidant and an antifungal component. The energy and lipids in the diet being in agreement with the limits proposed (Vergara et al., 1999; Lupatsch et al., 2001a; Velázquez et al., 2006). 

 Gilthead sea bream were fed by hand twice a day, (9:30 and at 16:00), with the higher rations, and once (9:30 h) in groups with the lower rations (<1%). During feeding, it was checked that the fish ate all the feed offered. At the first meal of the day, the entire ration was proportioned, but if the fish showed a lack of appetite, feeding was stopped and the remaining ration was proportioned in the second meal. If the fish displayed a lack of appetite during the second meal, then feeding was stopped, the remaining food was weighed and the feeding rate (FR) was corrected from a theoretical FR to the actual FR.

Chemical analysis
	The apparent digestibility coefficient of crude protein (ADCprot) and apparent digestibility coefficient of gross energy (ADCener) were calculated from fecal samples collected in digestibility tanks in triplicate and analyzed using acid insoluble ash as indicator following the method proposed by Atkinson et al. (1984). The faecal energy was estimated heat combustion measured using a calorimetric bomb.
	The proximate body composition of five fish per tank was analyzed when the experiment was initiated, respectively, when it was finalized, and a sample of feed was also taken to analyze the diet composition. 

	Dry matter was calculated by weight loss after drying for 24 h at 105°C. Crude protein was measured using the Kjeldahl technique and multiplying N by 6.25. Crude lipid was measured after chloroform-methanol extraction (Folch et al., 1957). Ash was calculated from the weight loss after incineration of the samples for 24 h at 550°C in a muffle furnace. Energy content of seabream was calculated with oxymetric coefficients (23.6 kJ g-1 of protein and 39.5 kJ g-1 of lipid), and for the diet (23.9 kJ g-1 of protein and 39.8 kJ g-1 of lipid 17.6 kJ g-1 of carbohydrates).

	Energy recovery (ER) (Equation 1) and protein deposition (PD) (Equation 2) were calculated using the metabolic coefficient calculated for Sparus aurata by Lupatsch et al. (2003a):
	ER (kJ kg-0.82 day-1) = ((Final EC-Initial EC)/(days*GBW0.82))		(1)
	PD (g kg-0.7 day-1) = ((Final PC-Initial PC)/(days*GBW0.7))		(2)
	where PC and EC are the protein and energy content of the biomass in grams and kJ and GBW are the geometric mean weight of the initial and final biomass in kilograms. 
	
Digestible energy intake (DEI) (Equation 3) and digestible protein intake (DPI) (Equation 4) were calculated as follows:
DEI (kJ per kg-0.82per day-1) =
= (Total Feed Intake*GE*ADCener /(GBW0.82*days))	    (3)
 DPI (g per kg-0.7 per day-1) =
= (Total Feed Intake*GP*ADCprot/(GBW0.7*days))	    (4)
where GE is the gross energy of diet in kJ, GP is the gross protein content of the diet, and GBW is the geometric mean from initial and final biomass in kilograms.  
	
Calculations and Statistical Analysis
	Mean data of fish from each pen or tank were used as the experimental units for regression analysis. Descriptive statistics are mean ± standard error (SE) if not otherwise reported. 

	Whole body composition (lipid, energy, protein and dry matter) in relation to body weight was modeled using allometric regression (y = aBWb), where exponents were calculated from their linear version of the equation LN(y)=LN(a)+b*LN(BW) for a better fit as demonstrated by Huxley (1932) and White (2011). The parameter r is used in the lineal regression to describe the Pearson's coefficient of correlation,

The relation between energy recovery (ER) (Equation 5), or protein deposition (PD), (Equation 6), and digestible ingestion of energy, or protein, was analyzed with Von Bertalanffy’s asymptotic model (Rosa et al., 1997; Xie et al., 1997): 
	ER=a*(1-e(-b*(DEI-c))),								(5)
	PD=a*(1-e(-b*(DPI-c)))								(6)
where “a” corresponds to the asymptotic value, “b” is a parameter that determines the curvature, and “c” is the cutting point of the curve with the x axis (maintenance point). The net efficiency of digestible energy (ke) and net efficiency for digestible protein (kp) were estimated using equations  (7) and (8). 
	ke= a*(1-e(-b*(DEI-c)))/(DEI-c), 							(7)
	kp= a*(1-e(-b*(DPI-c)))/(DPI-c)							(8)





	The apparent digestibility coefficients (ADC) obtained for dietary energy and protein were 87.7 and 92.8%, respectively.

Whole body composition
	The whole body composition of growing fish from 23 to 400 g is presented in Figure 1. The data of all fish analyzed at the initial and the end of the trials, except the fish under starvation are plotted, and the models resulting from the allometric functions are overplotted together with the functions found by Lupatsch et al. (1998). The fish under starvation did not show an increase of the mortality after the 90-day trial period (Jauralde et al., 2013), but their body composition suffered huge changes and that data were excluded from the whole body composition analysis.

	The linear form of the equations are:
LN (Dry matter)±0.056=5.484±0.046+0.077±0.009*LN (BW)		(9)




	In all cases intercepts and slopes are significant (P-value<0.0000). As can be seen, the standard error of lipid determination is almost three times the protein standard error, influencing the energy standard error, as a consequence of the different feeding rates.

Nutrient intake and retention curves
	Mean values of digestible energy intake (DEI), digestible protein intake (DPI), energy recovery (ER) and protein deposition (PD) obtained in the six trials are presented in Table 2. A close relation between nutrient intake and protein deposition or energy recovery was obtained in the six trials, as an increment in retention was observed when ingestion increased. 








Maintenance requirements and efficiency
	Maintenance needs were estimated solving equations 13 to 14 for zero energy recovery and protein deposition. Digestible energy for maintenance in gilthead sea bream was estimated as 59.84 kJ kg-0.82 day-1. Digestible protein for maintenance was estimated as 1.393 g kg-0.7 day-1 in gilthead sea bream.







	As can be seen, the curves established by Lupatsch et al. (1998) and the curves developed in the present work are in close agreement. Moreover, the body composition curves presented by Lupatsch et al. (2003a) also agree, but are not plotted in Figure 1.

	In this study, the body protein composition was affected by the body weight but its effect seems to be low, having a significant influence on the lower weights only (Figure 1). The linear regression of the LN(PC) = LN(a)+ b*LN (BW) showed a significance of the slope b and intercept a (P-Value <0.0000). The body protein content varied form 159 to 179 g kg-1, which agrees partially with Lupatsch et al. (1998, 2003a) who reported a constant value of 176 ± 8.4 g kg-1. Nevertheless, Lupatsch et al. (1998, 2003a) obtained a horizontal line regression for protein body content, whereas, in the current trial, an allometric regression was obtained. 

	Lipid carcass content increased with body weight, in agreement with Lupatsch et al. (1998, 2003a). Obviously, lipid body composition depends on the amount of energy intake, evidencing that fish with a low feeding level have a lower lipid content than fish with a high feeding level. As already reported in other fish species, the lipid content unavoidably affects the energy content of the body (Weatherley & Gill 1987; Azevedo et al., 2004a; Azevedo, et al., 2004b, Dumas et al., 2010), which increases allometrically in relation to body weight.

	Dry matter of carcass also depends on the energy intake (Lupatsch et al., 1998) given the negative relation between moisture and lipids.

	The variance of the energy content of the body, lipids and dry matter was high in the present study as different feeding levels result in different levels of energy body content. Dumas et al. (2007a) also mentioned this effect in trout, showing that the lipid content may depend on feeding.

Retention curves
	The existence of different growth stanzas depending on the fish size in several species (Dumas et al., 2007b in trout other species, and Mayer et al., 2012 in gilthead sea bream) are likely to reflect the changes in growth strategies during fish growth. These changes, in turn, may result in changes in energy recovery and protein deposition.  

	In previous retention studies, Lupatsch et al. (1998, 2001a, 2003a, 2003b) reported a single model for energy recovery and one for protein deposition of all fish in a range between 17 and 93.3 g of initial body weight. Nevertheless, other studies considered differences in energy recovery and protein deposition response curves for different fish sizes, such as Glencross (2008) in Lates calcarifer. Considering the previous results for growth obtained by Mayer et al. (2012), the differences for energy recovery and protein deposition between small fish (<110 g, from trials 1, 2 and 3) and in large fish (>110 g, from trials 4, 5 and 6) were examined separately for both sizes but no differences where found, and the best fits were found when the data were examined together. 

	On the other hand, the shape of retention curves must be considered. In the case of protein deposition, it seems clear that the curvilinear model instead of the linear model is suitable, and results of the current study agree with Lupatsch et al. (2003a) in gilthead sea bream and Glencross (2008) in barramundi. Nevertheless, the case of energy recovery, is somewhat controversial, as Lupatsch et al. (2003a) reported a linear model, but Glencross (2008) obtained a curvilinear relation. Also, Van Trung et al. (2011) in tilapia cited a quadratic model, reporting in the two curvilinear models a reduction of energy recovery efficiency at high levels of energy intake, which agrees with the results obtained in the current work. The studied range of digestible energy intake doubled the range of reported in Lupatsch et al. (2003a) where the maximum digestible energy intake raised was around 250 kJ kg-0.82 day-1, evidencing the curvilinear shape of the energy retention response curve when a wide range of digestible energy intake is considered.

Digestible Energy for maintenance
	The maintenance energy point (HEm) in the present study, estimated within the range of temperatures from 22 to 25 ºC, was 59.84 KJ kg-0.82 day-1 for gilthead sea bream, seems in agreement with the values obtained by Lupatsch et al. (1998) at 23-24 ºC, ranging from 55.8 to 61.7 KJ kg-0.83 day-1, and by Lupatsch et al. (2003b) who estimated 47 KJ kg-0.82 day-1 for 21ºC and 84  KJ kg-0.82 day-1 for 27ºC. In other species, results also differ, Glencross (2008) reported a digestible energy maintenance value of 42.6 KJ kg-0.82 day-1 at 30ºC in barramundi. In trout species, Bureau et al. (2006) determined, using a factorial approach, a metabolic maintenance energy of 19.2 KJ kg-82 day-1 and assuming a ratio of ME DE–1 in a range of  0.92–0.96 in fish (calculated by Cho 1992), an HEm between 20 and 20.86 KJ kg-82 day-1 could be assumed, although this value is calculated for 8.5ºC, a temperature relatively low even for trout. Nevertheless, Van Trung et al. (2011) obtained a maintenance energy demand of 25.9 KJ kg-0.82 day-1 for tilapia growing at 28 ºC. This variability shows that HEm is temperature-dependent, but more influenced by the species. 	

Digestible Protein for maintenance
	The value of digestible protein for maintenance (DPm) in the present study was 1.393 g kg-0.7 day-1 close to the results found by Lupatsch et al. (1998), between 0.86 and 0.96 g kg-0.7 day-1, but higher than DPm of 0.62 g kg-0.7 day-1 found by Lupatsch et al. (2003b). Fournier et al. (2002) calculated the N for maintenance as 84.7 mg kg-0.75 day-1 that can be estimated to be in protein 0.53 g kg-0.75 day-1. Although DPm results obtained in the present work might seem high, Booth et al. (2007) reported similar values, 0.89-1.45 g kg-0.7 day-1 in a sparid species (Pagrus auratus), but Glencross (2008) cited a DPm of around 0.45 g kg-0.7 day-1 in barramundi, demonstrating that protein maintenance needs vary greatly depending on the species and conditions.. Fish do not have protein requirements, they have to satisfy aminoacid requirements, but this concept is often simplified to protein requirements. Diets are usually designed to cover the pattern of aminoacids of the body, or to satisfy requirements of protein deposition for maximum growth, but, requirements of aminoacids for maintenance do not seem to be proportional with the pattern of aminoacids in the body or requirement for growth, as demonstrated by Rodehutscord et al., (1997) in trout. For instance, Fournier et al., (2002) demonstrated that the maintenance requirements of arginine in Sparus aurata were close to zero, but, for growth, a proportion of approx. 20% is required per unit protein gain. Knowledge of the aminoacid requirements for maintenance could be useful, for instance, for winter diets, with a lager proportion of the protein destined for maintenance. However, the amount of the protein from a commercial diet apparently destined for maintenance is still useful to estimate total requirements for growth.

Efficiency
	Efficiency has also been studied by other authors (Xie et al., 1997; Lupatsch et al., 1998, 2001a, 2001b, 2003a, 2003b; Sá et al., 2006; Bureau et al., 2006; Booth et al., 2007), and there seems to be a general agreement on the shape of the protein deposition curve, as most authors found a non-linear correlation between ingestion and protein deposition. The efficiency of energy (ke) and protein (kp) in decelerating models, as in the current work, considers that efficiency decreases with the increase of the intake. Hence, there is no single value of k, making it necessary to establish in each case the optimum value of efficiency with respect to ingestion.  This model can easily be explained in the case of protein, i.e. when the amount of digestible protein is sufficient to reach maximum growth, the rest of protein can not be destined for body protein deposition. However, in the case of energy, fish appear to reduce feed intake when adiposity gets to high (Shearer et al., 1997) but it seems that efficiency is not affected by intake or fish adiposity, represented by linear models, which is not in agreement with the current results, and other authors (Glencross, 2008; Van Trung et al., 2011).

	In the case of protein efficiencies (Figure 5), a clear drop of kp with the increase of the digestible protein intake took place, falling from a value of 0.45 when the digestible protein intake is close to maintenance to values of 0.2 when the digestible protein intake is maximum.

	With regard to energy retention, most authors found a linear correlation and very few authors found an asymptotic correlation. Bureau et al. (2000) concluded that studies involving the rearing of fish under a variety of conditions (water temperature, feeding level, fish size, etc.) had shown that the efficiency of energy utilization was, surprisingly, constant (Cho & Kaushik, 1990; Azevedo et al., 1998; Ohta & Watanabe, 1998; Lupatsch et al., 1998, 2003a; Rodehutscord & Pfeffer, 1999; Bureau et al., 2006). Nevertheless, in the present study, best fits were obtained with non-linear regressions, partially in agreement with Glencross (2008) who found a non-linear fit in barramundi and also with Booth et al. (2007). 

	In this sense, a constant efficiency of energy retention for gilthead sea bream was reported by Lupatsch et al. (1998, 2001a 2003a), but who considered broken-line regressions for energy retention, with two different slopes below and above maintenance (Lupatsch et al., 1998). In the present work, no trial showed a constant value of net efficiency over maintenance for energy retention, the values obtained for net efficiency show a clear decreasing tendency (Figure 4), which seems more consistent with the asymptotic model, or any other limited growth model than the constant efficiency proposed by Lupatsch et al. (1998, 2001a, 2003a). In the present study, the efficiency of retention of digestible energy intake varied from below 0.3 to more than 0.7 with a strong dependence on digestible energy intake (Figure 4), values which agree with those reached by Lupatsch et al. (1998), namely 0.54 in efficiency above maintenance, but also with Lupatsch et al. (2001a) who obtained a value of 0.5 studying different diet compositions, and with Lupatsch et al. (2003a) with an energy efficiency of 0.68.

	Energy comes from the deposition of lipids, protein, and carbohydrate, yet the entire digestible lipid intake, exceeding the energy needs, should be stored as lipid. As the digestible protein must be stored as protein deposition or desamined to form acetyl-CoA to be used as energy or deposited as lipid, then the efficiency of use protein as energy source and the energy cost for storing the excess of protein intake as lipid could justify the decrease in efficiency when the protein intake is high.  Recently, Ekmann et al. (2013) demonstrated in Sparus aurata that between 20 and 30% of the deposited lipids can be attributed to dietary protein, as a consequence of the novo lipogenesis.

	Following the scheme proposed by NRC (2011), and presented in Figure 6, this lack of efficiency became apparent when the energy intake (and also protein) increased, which could be explained by the increase in “heat increment of feeding” (HiE), which can be separated into three categories: digestion and absorption processes (HdE), formation and excretion of metabolic waste (HwE) and transformation and interconversion of the substrates and their retention in tissues (HrE). HdE should be proportional to intake and relatively small (NRC 2011). HwE is also very low in fish as gills efficiently excrete ammonia, but HrE, could be very high when the digestible protein intake is high, given the elevated energy required to convert protein into lipid. The maximum theorical efficiency of conversion of dietary lipids into body lipids is about 96%, the theorical efficiency of conversion of aminoacids into body protein is around 85%, but the conversion of aminoacids into body lipids is 66%, (NRC, 2011), which means that if the aminoacid intake is not destined to protein deposition, the energy efficiency from aminoacid intake could drop to a minimum of 19% as a consequence of the HiE increment.
	
	In Figure 6 the mean values of energy flows and their percentages, for the higher feeding rates of each trial are represented: HiE is 38.1 % of the energy intake, evidencing that HiE may represent a remarkable fall in energy efficiency. In the current study, HiE percentages are even higher than maintenance (HEm). As Guinea & Fernandez (1997) demonstrated in gilthead sea bream with a mean weight between 30 and 100 g, a rise in the feeding rate leads to an HiE increase. The reason could be explained by Company et al. (1999), who, in fingerlings of gilthead sea bream, showed that the increase of lipid intake could affect the growth hormone lowering its effect, which explains the decrease of energy deposition efficiency with the increase of the feeding rate. 

	In the present study, the reduction of protein efficiency at high digestible protein intake (Figure 5) produces a high quantity of aminoacids that needs to be converted into energy or desamined to to be finally stored as lipid. Consequently, a reduction of energy recovery takes place (Figure 4), which could justify the reduction of digestible energy efficiency when the digestible energy increases.
 
	Some other factors might affect energy recovery at high feeding levels, the longer experimental period of the current trials, compared to the 30-day experiment of Lupatsch et al. (1998, 2001a, 2003a), could have led to a maximum body fat content, limiting lipid deposition and reduce efficiency in higher feeding rates. 

	Diet formulations should be based on the relation between the total needs of intake of digestible protein and the needs of intake of digestible energy (DP/DE). The total needs can be estimated as the sum of the maintenance needs plus the growth needs required to reach a certain final body weight and composition in a determined period of time. Therefore as Lupatsch et al. (2001a) demonstrated in sea bream, different ratios of DP/DE have an influence on lipid gain and protein efficiency. If the relation DP/DE is not optimized, an increase of the lipid content or a drop in the protein efficiency may occur. Several authors showed that the level of digestible energy or digestible protein in the diet does not influence in the response curve of retention, but the total intake of the digestible energy or protein does (Company et al., 1999; Lupatsch et al., 2001a;Velázquez et al., 2006). Consequently, the curves obtained with a single diet may be used to determine the optimized DP/DE ratio.

	In addition, the recommendations for diet formulation of Sparus aurata, should be reviewed, for several other reasons: hitherto the needs of Sparus aurata were based on studies of upto 100g of weight, and there is evidences of a drop in energy and protein net efficiency for growth with an increased intake. This fact indicates that different growth speeds might require different protein/energy ratios in diets to satisfy the requirements with an optimum efficiency. However, further studies are needed in the quest for the optimum feed composition, maximizing profitability in relation to efficiency and growth. 
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Figure 1. Whole body composition of gilthead sea bream from 23 to 400 g.
Figure 2. Energy recovery response curve at different feeding levels in gilthead sea bream.
Figure 3. Protein deposition response curve at different feeding levels in gilthead sea bream.
Figure 4. Energy efficiency of gilthead sea bream fed at different feeding levels.
Figure 5. Protein efficiency of gilthead sea bream fed at different feeding levels.
Figure 6. Schematic representation of energy flows through an animal (based on NRC 1981) and mean values for higher feeding rates and percentages of energy for gilthead sea bream.










